Background: Familial pancreatic cancer (FPC) describes a group of families where the inheritance of pancreatic cancer is consistent with an autosomal-dominant mode of inheritance. The 4q32-34 region has been previously identified as a potential locus for FPC in a large American family. Methods: The region was allelotyped in 231 individuals from 77 European families using nine microsatellite markers, and haplotyping was possible in 191 individuals from 41 families. Families were selected based on at least two affected first-degree relatives with no other cancer syndromes. Results: Linkage to most of the locus was excluded based on LOD scores less than À2.0. Eight families were excluded from linkage to 4q32-34 based on haplotypes not segregating
Introduction
Pancreatic ductal adenocarcinoma is one of the most common causes of cancer death in the Western world (1) (2) (3) (4) . An estimated 2.7% to 10% of pancreatic cancers occur in families where there is at least one other case (5) (6) (7) (8) . In some instances, this is associated with a general familial cancer syndrome, such as familial atypical multiple-mole melanoma syndrome, familial adenomatous polyposis, hereditary nonpolyposis colorectal cancer, hereditary breast-ovarian cancer syndrome, and Peutz-Jeghers syndrome (9) (10) (11) (12) (13) , although in most cases, these syndromes are associated with isolated rather than multiple cases of pancreatic cancer. Germ line mutations in various mismatch repair genes, including both MutS homologues (hMSH2) and MutL homologues (hMLH1), are associated with pancreatic cancer in some patients in hereditary nonpolyposis colorectal cancer families (14) . Similarly, germ line mutations in genes involved in recombinational repair, such as BRCA2, can be associated with pancreatic cancer in patients with familial breast-ovarian cancer syndromes. Germ line mutations of p16
INK4a are implicated in pancreatic cancer in familial atypical multiple-mole melanoma syndrome (15) and STK11 mutations in Peutz-Jeghers syndrome (16) . Other germ line mutations associated with sporadic incidences of pancreatic cancer include those of the FANCG gene (17) . In the majority of families with multiple cases of pancreatic cancer, the genetic cause is unknown. This includes a group of families where the inheritance of pancreatic cancer is consistent with an autosomal-dominant mode of inheritance; these are grouped together under the umbrella term familial pancreatic cancer (FPC). Registries of such families have been established in North America (18) and in Europe (19) . Germ line BRCA2 mutations may occur in up to 20% of FPC (20, 21) . However, other candidate genes, such as STK11 (22) and p16
INK4a (23) , have been ruled out as causative in the majority of FPC families. Much has been documented of the association of DNA repair genes and FPC, consistent with our previous observation of BRCA2 mutations in some of our families (20) . We and others have previously reported anticipation in FPC families (19, 24, 25) , and it is of interest that anticipation in cancer syndromes may be the result of mutations in DNA repair genes (26) . It has also been reported that fanconi anemia patients with mutations in DNA repair genes FANCC and FANCG exhibit young onset pancreatic cancer (27) .
Segregation analysis of FPC families from the United States has shown that a major gene must be involved in the etiology of pancreatic cancer (28) . Linkage analysis to identify the disease locus in qualitative conditions (patients are either affected or unaffected) with a late onset is complicated by the problem of distinguishing noncarriers from nonpenetrants. This was overcome by Eberle et al. by using a large family where unaffected individuals were screened for preneoplastic lesions, which could then be used as a marker for gene carriers (29) . In this way, they were able to establish that a 4q32-34 locus segregated with pancreatic cancer in a single large FPC kindred. Within the 4q32-34 region, there are 36 characterized genes and many putative genes. There are >120 different single nucleotide polymorphisms linked to these genes (http:// www.ncbi.nlm.nih.gov/mapview).
In this article, we will describe allelotyping within the 4q32-34 region in families with an apparently autosomal-dominant inheritance of pancreatic ductal adenocarcinoma, registered by the European Registry of Hereditary Pancreatitis and Familial Pancreatic Cancer and the German National Case Collection for Familial Pancreatic Cancer. Two approaches were used to examine whether these allelotypes were consistent with an association of the 4q32-34 locus with the disease: haplotyping and two-point linkage analysis. As will be described, for both forms of analysis, all individuals with pancreatic ductal adenocarcinoma were assumed to be carriers of an autosomal-dominant disease mutation, and the probability that other members of the family were carriers was estimated according to their age and relationship to affected individuals: this required a model of penetrance that we based on the assumption of anticipation. Evidence for anticipation in FPC has been presented by several groups (24, 25) and has recently been rigorously tested using the families described in this article (19) .
Materials and Methods
Patients. Families were ascertained from cancer genetics, surgical, and gastroenterological centres in Europe. Patients donated blood samples and information with full informed consent. Clinical status of affected individuals was confirmed histologically, from detailed medical notes or from cancer registries. Only families with at least two affected first-degree relatives were included. Previously reported families with BRCA2 mutations (20) were also excluded from linkage and haplotyping analysis (other than as controls representing families with no linkage to 4q32-34). Other excluded families included those with an unusually high incidence of other types of cancer, as such families might belong to other familial cancer syndromes; this included exclusion of families with p16 mutations associated with melanoma and pancreatic cancer.
Allelotyping. Allelotyping was carried out using nine mapping pairs between D4S413 and D4S415 spanning a 23-cM region of 4q32-34 (details of the primer sets are given in the Supplementary Material). PCR products were sized using the ABI377 DNA sequencer and/or the capillary-based 3100 ABI Genetic Analyser. The data were analyzed, and the alleles were assigned by Genotyper software (ABI). A marker of a defined size will incur an altered mobility depending on whether it was analyzed using a gel-based (ABI377) or capillary-based (ABI3100) system. Therefore, we analyzed all nine microsatellite markers of a known size from sequenced BAC clones on both systems and calculated and corrected the discrepancy between the two systems. Primers were obtained from the ABI prism linkage mapping set version 2 or were custom synthesized by MWG-Biotech (see Supplementary  Table S4 ).
Defining Liability Classes. We have previously identified that penetrance for FPC families depends on age and ancestry (19) . Individuals with one or more previous generations affected by pancreatic cancer are penetrant at a younger age than those with cases of pancreatic cancer only in their own generation (siblings or cousins), or subsequent generations (children, nieces, nephews, or grandchildren). Age-related penetrance cannot be accurately calculated due to inter-and intra-familial variation. However, an estimate can be made by regression analysis of the survival curve for affected individuals. As described previously (19) , survival in the lowpenetrance group declines linearly from the age of 50 with a gradient of 0.0255. For the high-penetrance group, a nonlinear regression of the survival curve was used (% survival = 1 À e ln (Age) Â 5.35 À 23 ). The chance of an individual being affected by a given age is a measure of the assumed penetrance for a carrier at this age. For example, if a carrier has a 25% chance of being affected by 55 years, then at 55 years, the mutation would be assumed to be 25% penetrant. Descriptions of other series of FPC families suggest that smoking habit dramatically influences age of onset and penetrance of pancreatic cancer; however, we previously reported that with our patients, there is no evidence of smoking influencing outcome in potential gene carriers. Whereas this is absence of evidence rather than proof of no effect, we clearly cannot justify modeling penetrance based on smoking habit (19) .
Two-Point LOD Score Analysis. A two-point LOD score analysis was done for each of the nine markers using parametric two-point analyses with the MLINK program from the LINKAGE (version 5.1) software package (30) with three different models. The LOD scores were calculated based on the age-related penetrance and the probability of being a carrier based only on relationship with affected individuals. Models 1 and 2 assumed an autosomal-dominant mode of inheritance with a very low global rate for phenocopies (0.001) and an agedependent penetrance (as above) to account for carriers who have not developed cancer. The age-dependent penetrance was implemented by using varying numbers of age-related liability classes: 20 classes were used for model 1, and six classes were used for model 2. Global penetrances were used for model 3 as only affected individuals were taken into account.
Candidate Gene Sequencing. The genes HMGB2, PPID and MORF4, and SPOCK3 were sequenced in affected individuals or obligate carriers in FPC families by direct sequencing. The five exons of the HMGB2 gene, 10 exons of PPID, the single exon of the MORF4 gene, and the 12 exons of SPOCK3 were PCR amplified with the primers shown in Supplementary  Table S5 . DNA sequencing was done using the 3100 ABI Genetic Analyser.
Results
Haplotype Analysis. Haplotyping was possible in 191 individuals (40 affected) from 30 European Registry of Hereditary Pancreatitis and Familial Pancreatic Cancer families and 11 families from the German National Case Collection for Familial Pancreatic Cancer registry. None of these families had known BRCA2, but in eight of these families, BRCA2 had not been sequenced. As previously reported, there is an f15% incidence of BRCA2 mutations in apparently FPC families; thus, it is not unreasonable to suppose that at least one of these families carried a BRCA2 mutation (20) . Details of the nationality, number of individuals in each family, and the proportion of cancer cases with histologic confirmation are given in the Supplementary Material. All families included at least three characterized generations with a median of four generations. It was possible to exclude linkage to 4q32-34 in 8 of 41 families, either by showing that two affected individuals did not share a haplotype, or that an affected individual shared the only possible linked haplotype with an unaffected individual. Unaffected individuals were defined using an age-related estimate of penetrance and assuming an autosomal-dominant mode of inheritance. Figure 1 shows an example of one such family. In G 1 of the family in Fig. 1 , an affected male (1-1) died from pancreatic cancer at age 79, and in G 2 , an affected female (2-1) died at age 62. Individual 2-1 has inherited the haplotype represented in blue from her affected father (1-1); this haplotype was also inherited by individual 2-3. The estimated age-related probability of a carrier in the high-risk generation not being affected by age 79 would be just 3.9%, and the chance of this patient being a carrier was 50% based on relationship (as she has first-degree relatives who developed cancer). Hence, the probability that individual 2-3 is a gene carrier and nevertheless still unaffected was <2%. The age-related probability of being affected was defined as described in Defining Liability Classes. Because two affected assumed gene carriers shared a haplotype with an assumed non-gene carrier we excluded linkage to the locus in this family.
This method of excluding families relies heavily on generalizations, clearly the definition of unaffected could include nonpenetrant carriers, and it is possible that an affected individual is a phenocopy. Thus, there are four possible interpretations of the data: A 2 ) and an unaffected sibling (U).
Step 1 (exclusion by A 1 A 2 ): 25% of families would be excluded.
Step 2 (exclusion by A 1 U): 25% of families not already excluded would be expected to be excluded on this basis (56% of families would still not be excluded).
Step 3 (exclusion by A 2 U): from steps 1 and 2, we know that the A 2 shares at least one haplotype with A 1 , and that A 1 does not have the same haplotypes as U. Nine possible combinations of haplotypes remain, only two of which will allow exclusion; therefore, 44% of families would still not be excluded (probability of exclusion = 0.56). Theoretically, there is a step 4 (A 1 A 2 U), whereby the unique haplotype shared by the affected is also shared by the unaffected; however, no family that would not have already been excluded in steps 1 to 3 could be excluded in this way. *Involves second-degree relationship. Figure 1 . Family in which 4q32-34 has been excluded. Individual 2-1 died of pancreatic cancer and is therefore assumed to be a carrier. Individual 2-3 has been classified as unaffected (a noncarrier). As 2-1 and 2-3 share both haplotypes, the family was excluded as having disease linkage to 4q32-34.
The chance that an exclusion is artifactual will depend on the nature of the method used for exclusion. The possible methods are: In most cases (25 of 41 families), exclusion of linkage to 4q32-34 was impossible, either because haplotypes were not informative, or because it proved impossible to classify a key individual as unaffected. However, in 16 families, there was sufficient haplotype data to examine exclusion; these are listed in Table 1 . The probability that the available data would lead to exclusion of linkage is given in the table for each family.
Simple addition of these probabilities predicts that 6.5 of these families would be excluded by chance, assuming no linkage. This compares to eight families that were actually excluded. If any of these 16 families did have disease linked to 4q32-34, a bias against exclusion should be observed. No bias towards inclusion was observed.
It would be predicted that if a subgroup of the 41 families had disease linked to 4q32-34, then they would have alleles in common. Clusters of alleles would also be expected between families. In six families, possible disease haplotypes were identified. These haplotypes are shown in Table 2 . Also shown are the two possible disease haplotypes for a family where exclusion was possible but was not observed, and the In total, allelotyping was done on 264 individuals from 77 families; this included 30 noncarriers (off-kindred family members and individuals from families with a known BRCA2 mutation), 53 carriers (affected individuals or obligate carriers), and 181 unknowns (family members who are not affected but might be carriers). The frequency for each allele in carriers, noncarriers, and unknowns is given beneath the alleles in Table 2 . Alleles associated with a subpopulation of families with 4q32-34 linkage would be expected to be more common in carriers than in noncarriers with an intermediate representation in individuals who might be carriers. As noted above, BRCA2 sequencing was not carried out in all families; in 35 families, no individual had complete BRCA2 sequencing; thus, potentially five or more of these families harbored a BRCA2 mutation.
Patterns of alleles are discernible, including relative enrichment of particular alleles, but the significance of these patterns is difficult to interpret. To better analyze these data, subregions must first be classified according to the likelihood that they are linked to pancreatic cancer in the studied families.
Two-Point LOD Score Analysis. For two-point LOD score analysis, there is no limitation to families where haplotyping was possible; thus, allelotypes of 196 on-kindred individuals from 70 families were used. Families with known BRCA2 mutations and two families where the only allelotypes were from participants with no first-degree relative with pancreatic cancer were excluded. Two-point LOD score analysis of all 70 families permitted exclusion mapping for each marker. The results of LOD score analyses are shown in Fig. 2 . LOD scores for each marker are plotted against cM distance (Marshfield map; ref. 31) of the locus as a function of the recombination frequency. LOD scores were plotted to a maximum distance of 60 cM from D4S413 due to the fact that the end of chromosome 4 was f53 cM telomeric of D4S413.
Two-point LOD score analyses using model 3 (see Materials and Methods) are shown in Fig. 2A (this is given in numerical form in Supplementary Table S6 ). This model assumed that only affected individuals were gene carriers and did not allow for genetic anticipation. This model did not allow us to either include or exclude any part of the region; this represents a lack of power and would also be true in any nonparametric analysis. However, using an exclusion threshold of À2 for model 2 (with six liability classes) linkage was excluded for most of the region (Fig. 2B) . Only the shaded regions adjacent to D4S1539 were not excluded. Similarly, most of the region can be excluded using model 1 (Fig. 2C ) except for the region telomeric to D4S1617.
Allele Clustering in Candidate Haplotypes. From the twopoint LOD scores, it would seem that the least unlikely region to contain a possible disease gene lies in the region of marker D4S1597. From the haplotypes that could be linked to pancreatic cancer in Table 2 , it can be seen that the only allele of D4S1597 that seems to be overrepresented in carriers is allele 282. This appears in 16% of carriers but only 3% of noncarriers, with 8% of unknowns carrying the allele. In family FamN, allele D4S1597:282 is sandwiched between alleles D4S1596:218 and D4S1617:186. This same combination could also be possible in FamR. In total, the combination was seen in 31 individuals from 10 families. However, the haplotype can be excluded as a disease haplotype in families FamE (present in an unaffected individual), FamJ (absent in an affected), FamL (absent in two affected individuals), FamY (present in an unaffected), and FamZ (absent in one affected individual). The remaining families (FamN, FamR, FamT, FamU, and FamV) include one Italian family and four U.K. families.
A cluster of alleles around D4S1617 (D4S1597:290, D4S1617:186, and D4S1539:206) were found in possible disease haplotypes of FamJ and FamK. This same cluster is also found in seven other families. However, in two of these (FamE and FamQ), the cluster is present in individuals classified as unaffected, and in one family, it has come from an off-kindred individual (FamG). Therefore, there are four families (one Swedish and three British) that could be associated according to this cluster (FamJ, FamK, FamW, and FamX).
These two groups of families have been designated D4S1617-186 and D4S1597-282. If these groups represent part of a small subpopulation of families where 4q32-34 is Table 2 associated with pancreatic cancer then it would be assumed that they would share common characteristics that might distinguish them from other families, particularly those families where 4q32-34 has been excluded. Characteristics of the two groups of families are shown in Table 3 . The first group is characterized by more male cancer, earlier age of onset, and presence of other forms of cancer. The second group has more female cases, later age of onset, and fewer other cancer types. For comparison, the gender distribution and median age of cancer death are given in Table 4 for patients from families excluded from having 4q32-34 linkage, including five families with known BRCA2 mutations. Values are also given in Table 4 for the remaining pancreatic cancer families on the combined European Registry of Hereditary Pancreatitis and Familial Pancreatic Cancer/ German National Case Collection for Familial Pancreatic Cancer registry where 4q32-34 linkage is not excluded (described as ''unknown''). The apparent earlier age of onset for D4S1597-282 is supported in Fig. 3A by curves of cumulative incidence of cancer death for the affected individual in the four groups of families described in Table 3 . Figure  3B shows survival analysis of all potential gene carriers on the combined registry; this suggests a 50% lifetime risk to age 85 for the majority of families; as approximately half the family members will not be mutation carriers, this suggests a very high penetrance. However, the D4S1597-282 group shows a trend to a lower lifetime risk (although this does not reach significance).
Candidate Gene Sequencing. DNA from 10 affected individuals from 10 different families was used for sequencing of candidate genes within the 4q32-34 locus. In addition, these genes were sequenced in pancreatic cancer cell lines Capan-2, Panc-1, and FAMPAC, the latter cell line being isolated from a patient with a familial predisposition to pancreatic cancer (32) .
The entire D4S413-D4S315 region was scrutinized to identify candidate FPC genes. Within this region, several genes were identified that may be associated with cancer, including growth regulators, such as vascular endothelial growth factor C (33) and annexin A10, which has been shown to be downregulated in hepatocellular carcinoma (34) . However, these were considered to be unlikely candidate FPC genes as a mutation would aid tumor progression rather than have a causative effect.
Four genes within the locus were chosen as being of particular interest. Cyclophilin D/Cyclophilin 40 (PPID) is a component of the mitochondrial permeability transition pore, and the gene is located between markers D4S413 and D4S393. Inhibition of cyclophilin D hyperpolarizes the mitochondrial membrane potential and inhibits apoptosis; thus, a mutation might similarly inhibit apoptosis and so be tumorigenic (35) . PPID is also associated with the cancer-related stress protein Hsp 90 and involved in targeting Hsp 90 to inactive glucocorticoid receptor (36) and dynein (37) . Mortality factor 4 (MORF4), thought to transcriptionally modulate genes important for senescence pathways or cell growth control (38) , and Tetican 3 (SPOCK3), a metalloendopeptidase inhibitor with calcium binding activity that interferes with tumor invasion in brain (39) , also map to this region. One gene involved in DNA repair was identified within the locus [high mobility group box 2 (HMGB2)], which maps in close proximity to D4S1617. HMGB2 acts in an alternative DNA damage detection system to MutS homologues (40) .
No mutations or polymorphisms were identified in the HMGB2, PPID, or MORF4 genes in the 10 individuals and three cell lines used. Full-length sequences of SPOCK3 were only obtained for five patients, including representatives from FamJ of the D4S1617-186 group and FamU of the D4S1597-282 group. No mutations were identified, although several known single nucleotide polymorphisms in both coding and noncoding regions were observed.
Discussion
Haplotype analysis was possible in 41 FPC families; these were classified according to a set of working criteria for exclusion of families from disease linked to 4q32-34.
Although exclusion based on these criteria is no guarantee that a family does not have a disease mutation in this region, there should have been a bias against exclusion if there was linkage in a significant number of families. Exclusion was observed in 8 of 16 families where a conclusion could be made (slightly more than would have been expected by chance). However, it is impossible to quantify how many 4q32-34 families there could be without giving bias against exclusion. There was some evidence of overrepresentation of particular combinations of microsatellite alleles in those families where exclusion was impossible. Two-point LOD score analysis did not support disease association with 4q32-34 but did allow relative levels of improbability to be defined. The least unlikely region corresponded to a region of clustered alleles in haplotypes that could not be excluded from linkage. These combinations of alleles enabled small groups of families to be defined, which might represent part of subpopulations with 4q32-34 linkage. Consistent with this, these subgroups did have distinct characteristics, but this could be explained by grouping of particular populations simply based on nonuniform distribution of particular alleles, although the families had no obvious racial connection. Candidate genes were sequenced in the families where linkage was most likely, but no mutations were identified. Nevertheless, mutations could have been missed, and we still cannot eliminate the possibility of linkage in a subset of families. It is unlikely that a majority of families have their disease linked to 4q32-34 (from the two-point LOD scores and the lack of any apparent bias against exclusion of families based on haplotypes). The subgroup classified as D4S1597-282 would seem the most likely grouping to have a disease gene within 4q32-34, as the low age of cancer death seems to mark this group out as significantly different from other pancreatic cancer families (consistent with the majority of families not being from this group). However, none of the individuals from the families within D4S1597-282 report diabetes, except as a direct consequence of their tumors. This contrasts strongly with the original 4q32-34 family described by Eberle et al. (29) , where diabetes was common. In fact, none of the families on the combined European Registry of Hereditary Pancreatitis and Familial Pancreatic Cancer/ German National Case Collection for Familial Pancreatic Cancer registry show an unusual incidence of diabetes, other than the diabetes associated with the onset of cancer.
In conclusion, it is impossible to rule out 4q32-34 in some of these families, but any gene mutated in this locus is unlikely to represent a predominant gene responsible for FPC in Europe.
